Significance: Antioxidant enzymes are thought to provide critical protection to cells against reactive oxygen species (ROS). However, many organisms can fully compensate for the loss of such enzymatic defenses by accumulating metabolites and Mn
Introduction
T he evolution of manganese-accumulating photosynthetic cyanobacteria 2.8 billion years ago was accompanied by the whole-scale oxygenation of the Earth's atmosphere and oceans, and with that followed a magnificent explosion in the diversity and complexity of life (43) . However, there were severe consequences of oxygenation. The ocean's bacteria became starved of soluble ferrous atoms (Fe 2 + ), which reacted with dioxygen (O 2 ) and precipitated as iron oxides (rust), and the adventitious (or sometimes intentional) production of reactive oxygen species (ROS) mandated that cells develop powerful mechanisms to neutralize ROS and repair oxidative cellular damage (28, 37) . A variety of powerful enzymes evolved to remove ROS, including superoxide (O 2 C -) and hydrogen peroxide (H 2 O 2 ), although no enzymes are kinetically capable of controlling the most reactive species of all, the hydroxyl radical (HO C ). The role of protein-based enzymes in neutralizing or eliminating ROS is well-documented. Diverse enzyme classes can handle peroxides, including catalases, glutathione peroxidases, and thiol peroxidases (peroxiredoxins) (58) . However, the enzymatic means for removing O 2 C -appear limited. The single major enzyme type that reacts with O 2 C -is the superoxide dismutase (SOD), which oxidizes and reduces O 2 C -in one catalytic cycle, generating H 2 O 2 and O 2 (Fig. 1A ). Superoxide poses a greater threat to cellular targets than does H 2 O 2 or O 2 , because (i) the anion O 2 C -cannot easily cross membranes and can become trapped in cells (37, 57) ; and (ii) since O 2 C -is negatively charged, it specifically targets and can destroy active sites of many enzymes that bind positively charged Fe 2 + atoms ( Fig. 1 ) (37) . In contrast, H 2 O 2 is neutral, not nearly as reactive as O 2 C -, and does not build up in cells, because it is membrane permeable. SOD enzymes are found throughout nature in most prokaryotes, and all eukaryotes and their organelles. They include the manganese-and ironcontaining SOD family, the copper/zinc-containing SODs, and the rare nickel-containing SOD enzymes (1) . The ubiquitous nature of SODs helps meet the demands of scavenging O 2 C -, which is generated as a continuous by-product of aerobic metabolism. However, O 2 C -is generated spontaneously at high levels in cells that are exposed to ionizing (X-rays and c-rays) and non-ionizing (UV) forms of radiation (72) , and is also intentionally produced during the oxidative burst of the host immune response and during cell-signaling events in animal cells (78) . Thus, the demand on cells and organisms to manage this radical can be great and, in some cases, may exceed the capacities of SOD enzymes. To this end, certain cells appear to have evolved reinforcement ROS-scavenging systems for handling O 2 C -and related ROS that involve nonprotein complexes of manganese.
There has been mounting evidence over the last 30 years for the widespread use of small metabolite complexes as antioxidant defense (21, 22) . These include the accumulation of nonproteinaceous complexes of manganese (Mn) that remove O 2 C -(so-called Mn-antioxidants) and divalent manganese (Mn 2 + ) complexes of small metabolites such as nucleosides and peptides which shield macromolecules from ROS (23) . Manganous ions serve as the ideal metal for this purpose, because unlike ferrous and cuprous ions that can generate the highly toxic HO C , manganese is by comparison a poor Fenton reagent-Mn 2 + does not react with H 2 O 2 . Manganese provides a beneficial antioxidant activity without the pro-oxidant side effects of other redox active metals (20, 21) . The nonenzymatic, Mn-dependent artillery for combating oxidative stress has not only been best studied in microbes and appears particularly prevalent in aerobic radiation-and desiccationresistant extremophiles (21, 22) , but may also be relevant in multicellular organisms and important for pathogen defense. For the purposes of this review, we shall refer to these reactive manganese metabolites collectively as ''Mn-antioxidants.''
Mn-Antioxidants Versus SOD Enzymes in Bacterial Aero Tolerance
The first studies implicating Mn 2 + in the removal of O 2 Cwere in the 1950s. Chloroplasts were shown to contain plentiful Mn, both free and bound, and the oxidation of Mn 2 + by illuminated chloroplasts was found to be due to O 2 C -(45). In the late 1960s to mid 1970s, families of metal-containing SOD enzymes were turning up in all facets of life, many of which were discovered by Professor Irwin Fridovich at Duke University (40, 59, 65, 76, 79) . Following these seminal discoveries, Fridovich along with this postdoc Fred Archibald asked the question: Is it possible to thrive in atmospheric oxygen without a SOD enzyme?
Three organisms at that time, namely Bacillus coagulans, Neisseria gonorrhoeae, and Lactobacillus plantarum, were thought to be devoid of SOD activity. Through biochemical studies, and later confirmed with the advent of genome sequencing, B. coagulans and N. gonorrhoeae were, in fact, found to encode SOD enzymes, leaving only L. plantarum devoid of SODs. Puzzled by the high oxygen tolerance of these organisms lacking detectable SODs, Archibald closely inspected the growth medium that had been designed back in the 1940s for lactate-fermenting bacteria. The medium was found to contain high levels of manganese that were essential for L. plantarum growth. In a careful series of studies that followed, Archibald and Fridovich found that L. plantarum accumulated millimolar quantities of intracellular manganese compared with the micromolar levels which were typical of most other organisms, and that this high manganese was essential for aerobic growth (6) . A manganese-dependent O 2 C -scavenging activity was discovered in the lysates of L. plantarum that was dialyzable, heat and protease resistant, and sensitive to ethylenediaminetetraacetic acid (EDTA, a chelator of divalent metals) (5-7). Hence, the aero tolerance of L. plantarum was provided by non-SOD complexes of manganese that can remove O 2 C - (Fig. 1B) . What was the nature of this new SOD-like complex of manganese? Archibald and Fridovich found that numerous phosphate and carboxylate complexes to manganese had the capacity to react with O 2 C -, with phosphate and lactate complexes being most efficient (8) . With the high levels of lactate that accumulate in fermenting L. plantarum, lactate complexes to manganese seemed likely candidates for the Mn-antioxidant in this organism (5) (6) (7) (8) 
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CULOTTA AND DALY coordinated to various anion metabolites, Mn 2 + acted as a SOD mimic (8, 11, 12) .
The role of Mn-antioxidants in stress resistance is not unique to L. plantarum. Independent studies which preceded those of Fridovich and Archibald showed that Mn 2 + accumulation in bacteria correlated to UV resistance. In 1976, Deinococcus radiodurans, an extremely radiation-and desiccation-resistant bacterium, was shown to accumulate millimolar concentrations of Mn 2 + (49). Since then, a critical role for the accumulation of Mn 2 + has been demonstrated in D. radiodurans in a mechanism toward surviving extreme doses of radiation and other oxidative stress conditions that is dependent on neither SOD nor catalase enzymes (details ahead) (21, 25) . Remarkably, antioxidant enzymes in Mn-accumulating aerobic bacteria and archaea are dispensable, but not in prokaryotes, which lack Mn transport systems (22, 68) . Evidently, the accumulation of intracellular Mn 2 + complexes in D. radiodurans can provide levels of protection from ROS that equal or exceed the ROS-scavenging capacities of antioxidant enzymes (21, 25, 46, 72) .
While the accumulation of Mn 2 + complexes can fully compensate for the loss of antioxidant enzymes in some organisms, Mn-antioxidants also appear to act synergistically with SOD enzymes. It has been proposed that when Mn is abundant, surplus intracellular Mn 2 + can form antioxidant complexes, whereas cells rely more heavily on the high efficiency of SODs when Mn is limited (1, 23) . In N. gonorrhoeae, which accumulates Mn 2 + , Mn antioxidants are pivotal for oxidative stress protection in this organism that also expresses a single Fe SOD enzyme (71) . In other SOD-expressing organisms, the efficacy of Mn antioxidants is best seen under conditions when the SODs have been deleted. For example, in SOD mutant strains of Escherichia coli and Bacillus, oxidative damage can be suppressed when cells accumulate high manganese from the growth medium (2, 38) . Conversely, when Bacillus cells are starved for manganese, mutants lacking SOD cannot thrive in air (38) . In diverse species, there appears to be widespread use of Mn antioxidants as a supplement or as a backup for SOD enzymes. It is noteworthy that these manganese-metabolite complexes are not as catalytically efficient as SODs; however, when abundantly concentrated and widely distributed in cells, they have the capacity to substitute functionally for SOD enzymes (12) .
The Mn Antioxidant in the Eukaryotic Model Organism Saccharomyces cerevisiae
In most eukaryotes, the major SOD enzyme is the largely cytosolic Cu/Zn SOD1. In the case of Baker's yeast Saccharomyces cerevisiae, loss of this SOD1 leads to a number of aerobic defects that are associated with O 2 C -toxicity, including increases in mutation frequency, disruptions in amino acid biosynthetic pathways, and sensitivities to redox-cycling compounds and high oxygen. All these defects can be corrected by boosting intracellular levels of manganese, as illustrated in Figure 1C (14, 47, 48, 54, 70) . As with prokaryotes, eukaryotic micro-organisms show a dependence on Mn antioxidants as an important backup or reinforcement to SOD enzymes. The Mn antioxidant appears conserved in all three branches of life.
Chang and Kosman were the first to note in the late 1980s that all the oxidative stress phenotypes associated with lack of Cu/Zn SOD1 in yeast could be suppressed by growing cells in high manganese salts. Yeast cells that accumulate high manganese exhibit a SOD-independent but an Mn-dependent O 2 C -scavenging activity in cell lysates which is heat resistant and EDTA sensitive (14) . Using a series of genetic suppressor screens, the Culotta lab attempted in the 1990s to identify genes in S. cerevisiae that had the capacity to substitute for Cu/ Zn SOD and in virtually every case, the genes identified were found to control uptake and accumulation of manganese and, hence, activity of Mn-antioxidants. These genes included Pmr1p-the Golgi transporting pump for manganese and calcium; Bsd2p and Atx2p-the negative regulators of the yeast Nramp transporters for manganese uptake; and Ccc1p-vacuolar transporter for manganese (47, 50, (52) (53) (54) . In essence, the search for new anti-oxidant genes led instead to a discovery of pathways for manganese trafficking and, moreover, emphasized the essential role of Mn-antioxidants as a backup for Cu/Zn SOD1. When intracellular manganese levels are high (mM, as in the case of L. plantarum), the Mnantioxidants can reverse all markers of oxidative damage in yeast cells lacking Cu/Zn SOD1 (14, 47, 50, (52) (53) (54) 70) . It is important to note that the level of manganese required to fully compensate for the loss of Cu/Zn SOD1 is below the toxic threshold for the metal. Yeast cells can benefit from the Mn antioxidants without the side reactions of manganese toxicity. Even physiological levels of Mn antioxidants that accumulate with normal (lM) intracellular manganese are important. When manganese antioxidant levels drop too low, sod1D mutants are not viable in air (66, 67) (Fig. 1C) .
Is the formation of Mn antioxidants simply a passive process of manganese binding to available metabolites, or does the cell control the assembly of Mn antioxidants with proteinbased antioxidants? At least in the Baker's yeast S. cerevisiae, the latter seems to be true. The Culotta lab observed that Mnantioxidant activity falls under the control of two major nutrient and stress-signaling pathways, namely the Pho80/ Pho85p CDK/cyclin pathway and the pathway involving the Sch9p kinase (homologue to human Akt/S6K). When either of these pathways in yeast is disrupted by gene mutations, Mnantioxidant activity is greatly reduced to virtually nondetectable levels (60, 66, 69) . This loss in the Mn antioxidant is due to neither inhibition of manganese uptake nor accumulation; if anything, cells disrupted in the Pho80/Pho85p pathway hyperaccumulate manganese, yet this manganese cannot suppress oxidative damage and cells lacking Cu/Zn SOD1 are not viable in air (66, 69) .
The parallel pathways involving Pho80/Pho85p and the Sch9p kinase converge at the level of the Rim15p stress response kinase, and it was shown that hyperactivation of Rim15p in pho80 or sch9 mutants abolishes the Mn antioxidant (66) . Through a series of genetic studies, the transcription factor Gis1p was identified as the target of Rim15p that was responsible for controlling the Mn antioxidant (66) (Fig. 2) . Gis1p is known to regulate a large battery of stress response genes for adaptation to changes in environmental conditions. The specific Gis1p target that controls the Mn antioxidant is currently unknown, but is the subject of ongoing investigations. In any case, these studies stress the physiological importance of the Mn antioxidant. These complexes are not just the product of passive interactions between the metals and metabolites; rather, the formation of Mn antioxidants is carefully regulated in yeast cells. The same nutrient and stress-signaling pathways that control formation of proteinbased antioxidants such as SOD enzymes and catalases also control production of the Mn antioxidant.
The Chemical Makeup of Mn Antioxidants
Strong lines of evidence from different laboratories have now converged on the conclusion that the accumulation of Mn 2 + with orthophosphate (Pi) along with various organic metabolites represents a widespread strategy for combating oxidative stress. The nature of the manganese complexes, however, remains unknown, principally because it has not been possible to determine Mn speciation in a solution in which small Mn 2 + complexes exchange their ligands rapidly, and standard analytical procedures that disrupt cells likely alter speciation (23) . Until recently, this limitation has stymied in vivo investigations into cellular manganese. However, reconstituted prokaryotic complexes of Mn 2 + have been characterized in vitro for their reactivity with ROS (23), and new spectroscopy techniques (electron nuclear double resonance [ENDOR]) (60) now hold the prospect of revealing their in vivo structures and roles.
Using yeast as a model system, the possible role of Mn-Pi as the key in vivo antioxidant was examined using a combination of ENDOR spectroscopy by Brian Hoffman's laboratory and genetics in the Culotta and Valentine laboratories. At the time, yeast cells were known to accumulate lM levels of manganese and mM levels of phosphate, yet it was not known whether these entities actually interacted in cells to form stable complexes. To address this, Hoffman's laboratory developed a method for monitoring manganese speciation in intact yeast cells through ENDOR spectroscopy. The studies showed that in wild-type yeast cells, approximately three quarters of cellular manganese is actually bound to phosphates, with the bulk represented as Mn-Pi (60) . This level of intracellular MnPi could be modulated by gene mutations that either increase ( pmr1D null mutations) or decrease (smf2D null mutations) cellular manganese, and, most importantly, resistance to oxidative stress closely correlated with levels of Mn-Pi (Fig. 3 ) (60) . These studies placed Mn-Pi as a lead candidate for the Mn antioxidant. However, not all findings were consistent with this notion. In particular, the aforementioned pho80 (or pho85) mutants exhibited a dramatic loss in oxidative stress resistance and the most severe loss of the Mn-antioxidant (Fig.  3) . However, Mn-Pi levels in this strain were only decreased to about one-third that of wild-type cells, which could not by itself explain the complete loss in Mn-antioxidant activity (60) . While Mn-Pi is one type of Mn-antioxidant in yeast cells, it is not the only one. In pho80 (or pho85) mutants, a non Mn-Pi complex is lost, which renders cells completely vulnerable to oxidative stress. Hence, this new Mn-antioxidant falls under control of the Pho80/Pho85 stress response pathway (Fig. 2) .
What are possibilities for the non-phosphate Mn-antioxidant? Recent studies by Valentine and coworkers have demonstrated the Mn-carbonate has strong catalytic activity with O 2 C -, with rates that are even higher than Mn-Pi (12). Carbonate can be of very high levels in mammalian cells (12) and in yeast cells, carbonate production is particularly important for meiosis and other cellular processes (26) . In addition, various manganese-based porphyrin complexes show reactivity with O 2 C -, and some can substitute for Cu/Zn SOD1 in yeast (61) ; the assimilation of similar compounds in living cells may contribute to oxidative stress resistance. An ideal tool to uncover new Mn antioxidants in yeast is the S. cerevisiae pho80/ pho85 mutant, which is virtually devoid of Mn-antioxidant activity (66, 67) . As mentioned earlier, the loss of Mn-antioxidant activity in this case results from activation of the Gis1p transcription factor (Fig. 2) , and identification of the key Gis1p-targets will provide valuable information in this regard.
Cellular Targets of Mn Protection
Molecular insights into how ROS cause mutagenesis, disease, aging, and myriad biological processes ending in cell death were built on studies that revolve around the toxic effects of radiation (22) . As a result, early models of cellular oxidative stress were based on the concept that ROS indiscriminately damage cellular macromolecules. This, however, is not the case. While HO C cause indiscriminate damage to all cellular macromolecules, O 2 C -and H 2 O 2 do not react directly with DNA (22, 37) . The most consequential damage by O 2 Cand H 2 O 2 in cells is to proteins that contain exposed ironsulfur or haem groups, to proteins which contain cysteine residues, and to proteins containing cation-binding sites where an iron-catalyzed site-specific oxidation occurs (37, 73) . Since individual proteins in a cell typically exist at much higher levels than their corresponding genes, death in cells under oxidative stress was originally attributed mainly to DNA damage (22) . However, extreme resistance to oxidative insult among bacteria and archaea that accumulate Mn consistently coincide with a greatly diminished susceptibility to protein oxidation, but with similar DNA lesion yields as in other organisms (22) . Although those studies did not exclude the possibility that Mn 2 + also prevents lipid peroxidation in cell membranes, the lowest regional Mn concentrations in Mnaccumulating bacteria are associated with the cell envelope (24) , indicating that Mn 2 + predominantly protects the cytosol. Moreover, earlier reports strongly support the idea that lipid peroxidation can be dissociated from lethal damage in (60) . Second, by disrupting the Pho80p stress response involving the Rim15p kinase and Gis1p transcription factor, non-phosphate-based antioxidants are also lost (66) . The nature of these non-phosphate Mn-antioxidants is still unknown. So far, all the most oxidative stress-resistant aerobic prokaryotes reported have been shown to accumulate Mn along with low-molecular-weight metabolites (22) . It has been demonstrated that Mn 2 + complexes accumulated in cells specifically protect enzymes and the functions they catalyze (23, 24) . The argument that damaged proteins may be responsible for the lethal action of ROS was first developed by Walter M. Dale in the early 1940s (17) (18) (19) . This view of oxidative stress was based on findings that enzymes in aqueous solution could be inactivated by small doses of X-rays. The possibility that resistance to ROS could be increased was supported by his studies which showed that the radiosensitivity of an enzyme is not a fixed entity but a variable, where oxidative inactivation could be prevented by the addition of nucleotides, sugars, amino acids, and a variety of other organic compounds. Dale's idea that damaged proteins might be most responsible for toxicity in cells under oxidative stress has endured. Indeed, for most oxidative stress conditions, DNA is no longer considered the principal target of ROS that accounts for their toxicity. Instead, cellular proteins are principal targets that mediate the lethal effects of ROS (22) .
Two definitive insights into the reparability of damaged genomes in cells under oxidative stress were gained recently by comparisons of DNA and protein damage in irradiated bacteria. First, the yields of DNA damage per dose among naturally sensitive and extremely resistant bacteria, and for other cell types with very different antioxidant statuses, were relatively constant-this supports the fact that DNA damage in cells under oxidative stress is caused mainly by ''nonscavengable indirect effects'' (22) . Second, the yields of protein oxidation in sensitive and resistant prokaryotes exposed to oxidative stress were highly variable and quantitatively related to survival (22)-this supports the fact that variations in oxidative sensitivity and efficiency of DNA repair in wildtype cells are caused mainly by protein oxidation, which is governed by the antioxidant status of a cell (24) .
ROS scavenging has historically been assigned mainly to antioxidant enzymes, but D. radiodurans cells rely mostly on non-enzymatic antioxidants based on small metabolite complexes of Mn 2 + (23-25). In prokaryotes, the action of Mn 2 + in protecting cytosolic proteins from ROS appears to occur at two levels: (i) by replacing Fe 2 + and other divalent cations (e.g., Mg 2 + and Cu 2 + ) with Mn 2 + as mononuclear cofactors in enzymes, active sites are protected from oxidative damage (4); and (ii) surplus Mn 2 + (i.e., the portion of a cell's Mn 2 + budget that is not bound to proteins) forms ROS-scavenging complexes with various metabolites (23), which provide global protein protection and preserve the quaternary structures of irradiated enzymes. It is important to note, based on in vitro enzyme studies, that high (not extreme) levels of oxidative stress resistance are predicted to occur in cells which accumulate secondary metabolites even without significantly elevated Mn 2 + ; Mn 2 + accumulation is not a singular determinant of oxidative stress resistance. Rather, Mn 2 + appears to boost protein protection in cells by interacting synergistically with the pool of small-molecule metabolites built up in cells (23) .
Mn Antioxidants in Multicellular Organisms and in Pathogenesis
Thus far, the bulk of what is known about O 2 C -reactive Mnantioxidants has stemmed from work in microbes. However, it (47) . By electron nuclear double resonance spectroscopy, Mn-Pi is 10-fold higher in pmr1 mutants, and these cells are most resistant to oxidative stress (60) . SMF2 encodes the Nramp metal transporter for Mn in yeast; smf2 mutants accumulate low Mn and as a result, Mn-Pi levels are ten-fold lower than WT cells (60) . The smf2 mutants are more sensitive to oxygen than the WT strains (60) . PHO80 encodes the cyclin involved in signaling phosphate control and key stress responses. Loss of pho80 (or pho85) only causes a 2-3-fold reduction in Mn-Pi levels (60), but, nevertheless, Mn can no longer function as an antioxidant in these cells and mutants of pho80 (or pho85) are highly oxygen sensitive. Without SOD enzymes, pho80 (or pho85) mutants cannot survive in air (60, 67) . WT, wild-type.
MANGANESE METABOLITES AS ANTIOXIDANTS
is also likely that these complexes function in multicellular species. For example, in the nematode Caenorhabditis elegans, elevated manganese accumulation can enhance oxidative stress resistance and extend life span (15, 51) . High levels of manganese can also protect against the oxidative damage during cryopreservation of the sperm (10) . Moreover, in mitochondria and chloroplasts, where organellar Mn budgets appear to exceed the demands of their enzymes (34), Mn might also form antioxidant complexes with proton-donor ligands such as carboxylic acids generated by the tricarboxylic acid (TCA) cycle (8) . Another setting in which Mn antioxidants may become critical is with microbial pathogenesis.
During infection, the host responds with an oxidative burst to kill pathogens. The O 2 C -producing NADPH oxidase becomes activated in macrophages and neutrophils, and concomitant rises in O 2 C -in the locale of invading microbes help block pathogen invasion (Fig. 4) . In addition to this oxidative burst, a rising concept in host defense is ''nutritional immunity,'' a phrase recently coined by Eric Skaar to describe the molecular starvation of pathogens for the vital metal ions iron, zinc, and manganese (13, 42) . In the case of manganese, the metal is depleted from the macrophage phagolysosomes via the Nramp1 divalent metal transporter, and is also removed at the site of an infected abscess through neutrophil production of calprotectin, a metal chelating molecule (13, 16, 31, 33, 41) .
The efficacy of manganese starvation in microbial killing depends on the degree to which the metal is required for pathogen survival. Indeed, a number of microbes have shown a dependence on manganese for virulence. Manganese uptake is required for virulence of Staphylococcus aureus (16, 35, 71) , and N. gonorrhoeae expresses a ATP-binding cassette manganese uptake system that is necessary for protection against ROS (74) . Moreover, cell surface manganese uptake through various manganese transporter types is required for virulence of Brucella abortus, Salmonella enterica, Enterococcus faecalis, S. pneumoniae, and Yersinia pestis [reviewed in ref. (13)]. The Lyme disease pathogen Borrelia burgdorferi exhibits a particularly strong requirement for manganese, as this ''iron-free'' pathogen has replaced iron in many cellular reactions with manganese (63) .
In pathogens, manganese can promote oxidative stress resistance in two ways: either through activation of manganesecontaining SOD molecules, as has been shown in S. aureus (41) and B. burgdorferi (27) , or through formation of Mn antioxidants. For example, the manganese-dependent O 2 C -resistance of S. aureus is not totally dependent on Mn-SOD, strongly implicating an Mn antioxidant (35, 36) . Accordingly, the calprotectin produced by the host to starve S. aureaus of manganese is believed to target both Mn-SOD and a SODindependent antioxidant activity (i.e., Mn-antioxidant) (41) . The resistance of N. gonorrhoeae to O 2 C -killing may be entirely due to Mn-antioxidants, because this organism does not express an Mn-SOD (71, 74) . Even in the related N. meningitides that does express Mn-SOD, a SOD-independent O 2 C -scavenging activity can be detected, presumably representing the Mn antioxidant (71) (Fig. 4) .
These aforementioned examples of non-SOD Mn antioxidants in pathogenic bacteria may just be the tip of the iceberg. The exploitation of small manganese-metabolite complexes for handling O 2 C -may be widespread throughout the microbial world, particularly in pathogens where the O 2 Cburden from the host defense becomes challenging. It will be intriguing to determine the makeup of the various manganese complexes that have evolved in these distinct organisms. Is Mn-phosphate a widely used antioxidant, or does the specialized metabolism of diverse microbes mandate new metabolite complexes to manganese that promote reactivity with O 2 C -? Investigations of this type can lead to new insights into microbial pathogenesis and the development of anti-microbial strategies that target manganese or its partner metabolites.
Mn 21 Antioxidants and Radiation Protection: D. radiodurans
The Mn antioxidant has been well studied in the extremely radiation-and desiccation-resistant bacterium D. radiodurans (25) . D. radiodurans was first reported in 1956, capable of surviving huge doses of X-rays or c-rays (12,000 Gy) (Fig. 5) , 100 times greater than most bacteria grown under comparable conditions, and 3000 times greater than most human cells in liquid culture (21) . The survival curves for D. radiodurans display very large shoulders, but the mutation frequency of the cells does not increase significantly with dose. Reasoning that DNA in D. radiodurans might be protected, early studies compared the amount of DNA damage in D. radiodurans and E. coli exposed to ionizing radiation or UV light, and later with other organisms (22, 72) . For a given dose of X-rays or c-rays, or UVC (254 nm) radiation, the relatively small differences in DNA breaks and DNA base damages between the bacteria were not nearly sufficient to explain the great differences in their resistance. Since then, the remarkable survival of irradiated D. radiodurans cells has been rationalized under the hypothesis of enhanced DNA repair. Recent progress clearly implicates intracellular Mn-complexes of D. radiodurans as responsible for preserving the high efficiency of its DNA repair proteins (21, 72) . In contrast, most other organisms are killed by relatively low exposures to oxidative stress, which C -is not membrane permeable, extracellular/ periplasmic microbial antioxidant defenses may be most critical.
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CULOTTA AND DALY causes many enzyme systems to malfunction, including those responsible for metabolism and DNA repair/replication. A few researchers can say that they are working on a whole-genome sequence acquired during the last century. Thanks to J. Craig Venter, then at The Institute for Genomic Research (Rockville, MD), and the U. S. Department of Energy, those of us now working on D. radiodurans can continue to do so (77) . D. radiodurans was one of the first completed genomes to be published, revealing one of the great paradoxes in biology. There it was, for all to see and ponder, the genome of the most radiation-resistant organism yet discovered, D. radiodurans, encodes just about the same number and types of DNA repair proteins as most other organisms. Further, D. radiodurans encodes a standard set of antioxidant enzymes (30, 56) . It was clear that the extreme radiation-, desiccation-, and oxidative stress-resistance phenotypes of Deinococcus bacteria would need to be explained in a new way, which meant revisiting some of its peculiar phenotypes. Certainly, Mn accumulation and the myriad of metabolic defects in D. radiodurans all pointed to a role of Mn antioxidants in its phenomenal resistance to oxidative stress (30) . If Mn antioxidants in D. radiodurans protected and preserved the activity of conventional repair enzymes, then novel and highly ROSresistant repair enzymes would not need to be evolved (25) .
Defined minimal media compositions for D. radiodurans list Mn as an essential ingredient. In 1976, Bruce and colleagues first reported a large depot of Mn in D. radiodurans, which contained *100 times more Mn than the radiation-sensitive E. coli, and that Mn-depletion decreased the UV resistance of D. radiodurans (49) . Using neutron activation analysis (NAA), they showed that D. radiodurans normally accumulated about 5 mM Mn. In 2004, the NAA results were corroborated using inductively coupled plasma mass spectrometry (25) ; and other studies showed that when D. radiodurans was incubated in defined minimal medium containing the radioisotope 54 Mn, the cells accumulated about 2 mM Mn (25) . More recently, X-ray fluorescence microspectroscopy revealed that Mn is distributed throughout D. radiodurans cells, but with regional intracellular Mn concentrations ranging from *0.5 to 2 mM (Fig. 6) (24) . In contrast, most of the Fe in   FIG. 5 . Survival curves of Mn-accumulating organisms exposed to c-radiation. The numbers in parentheses indicate the approximate number of survivable DSBs inflicted per haploid genome at the dose that kills 90% of the organisms (22) . Note that the ability of Mn-accumulating organisms to mend DSBs after exposure to c-rays is much greater than in most bacteria which do not accumulate significant Mn (25) . The high efficiency of repair enzymes in Mn-accumulating organisms under oxidative stress is attributed to the formation of Mn antioxidants that scavenge ROS and prevent the inactivation of enzymes. Mn-accumulating organisms: Bacterium-Deinococcus radiodurans (ATCC BAA-816) grown under Mn-depleted or Mn-replete conditions (25); Diploid yeast-S. cerevisiae ( JW1777) (9); Nematode wormCaenorhabditis elegans (39). Many explanations for the cause of the long shoulders of survival curves of Mn-accumulating organisms have been proposed. The most favored hypotheses begin with the premise that the yield of DSBs is linear with dose (0.004 DSB/Gy/Mbp) and that the non-linearity of the survival curves is caused by dose-dependent changes in the efficiency/accuracy of enzymatic DNA repair, which in many cell types appears to be dependent on the accumulation of Mn antioxidants (22) . Note that the x-axis is a logarithmic scale. Radiation source: 60 Co c-radiation. DSBs, DNA double-strand breaks; ROS, reactive oxygen species. D. radiodurans was sequestered outside of the cytosol, in the septa of dividing cells (Fig. 6 ). Based on electron paramagnetic resonance spectroscopy and X-ray-absorption near-edge structure analyses, the dominant form of manganese in D. radiodurans cells is Mn 2 + , with no significant levels detected of Mn 3 + or Mn 4 + , which are strong oxidants (24, 25) . When D. radiodurans cells were grown under conditions that limited Mn accumulation, their cellular Mn concentration decreased markedly along with their resistance to c-rays (Fig.  5) . However, in vitro studies showed that Mn 2 + alone did not significantly protect DNA from ROS, and only moderate levels of protection of proteins were observed compared with the level of protein protection in D. radiodurans cells. Something was missing in the in vitro Mn 2 + studies (24) . Over the last 50 years, members of the family Deinococcaceae have been isolated worldwide, from very diverse nutrient-poor environments (21) . It was, therefore, surprising to find that extremely oxidative stress-resistant deinococcal isolates display numerous metabolic defects (22, 30, 75) . D. radiodurans cells are not able to grow and are killed in radioactive nutritionally restricted environments in which luxuriant growth occurs in the absence of irradiation (75) . Under nutrient-poor conditions, DNA repair in irradiated D. radiodurans is limited by its metabolic capabilities and not by any nutritionally induced defect in genetic repair (30) . The question followed-could radiation resistance develop through the loss of metabolic functions? A striking informatic and experimentally verified feature of wild-type D. radiodurans is its inability to utilize inorganic sulfate (CysJ is missing), which results in its dependence on an exogenous source of sulfur-containing amino acids for growth (30) . D. radiodurans growth and resistance also is dependent on methionine and nicotinamide adenine dinucleotide (oxidized form). Moreover, the cells contain highly expanded gene families encoding phosphatases, proteases, and peptide transporters (30) , and they display a remarkable shift in the regulation of metabolic flux through the TCA cycle after irradiation (55) . Collectively, the metabolic configuration of D. radiodurans is predicted to promote the accumulation of small molecules, and this raised the possibility that a major route to extreme resistance in cells which express Mn 2 + uptake systems is via metabolite regulation (30) . Numerous organisms that accumulate ''compatible solutes'' fit this model, including representative archaea, cyanobacteria, lichens, black yeast and fungi, and tardigrades (22) , which are well known for their extreme radiation and desiccation resistance.
Intermediary organic metabolites are ordinarily present at extremely low intracellular concentrations. However, mutations that block biosynthetic reactions present themselves as routes to oxidative stress resistance by promoting the constitutive accumulation of precursors which precede the defective reactions. This idea links not only naturally resistant prokaryotes, but also highly resistant mutants evolved from sensitive bacteria in the laboratory. For bacteria, directed evolution of extremely radiation-resistant mutants, for example, has been achieved by the successive passage of cells through fractionated sublethal doses of c-rays. Remarkably, the most resistant mutants consistently displayed a variety of growth defects (64) that resemble auxotrophic nutritional modes manifested in many Deinococcus bacteria (75) . The idea that oxidative stress resistance may develop through the loss of metabolic functions was reinforced by a whole-genome sequence analysis of D. radiodurans, where gene loss squarely accounted for its unusual growth defects (see above) (56, 75) . It followed that selective oxidative inactivation of biosynthetic enzymes, such as those involved in amino acid production in normal cells, could contribute to oxidative stress resistance by promoting the accumulation of precursors. As ROS levels in cells increase, the most sensitive enzymes would be the first to fail, and predicted to cause metabolite accumulation. One example of a class of metabolic enzymes that is highly sensitive to ROS are dehydratases (37) .
In 2010, Daly's groups showed that protein-free cell extracts of D. radiodurans are highly enriched in peptides, free amino acids, nucleosides, and their analogues containing two carbonyl oxygen groups (C = O) separated by one NH 3 group-a configuration which forms stable Mn 2 + complexes when deprotonated (23) . Moreover, D. radiodurans activated proteases when under oxidative stress, which led to further accumulation of peptides. In contrast, metabolite profiling of oxidative stress-sensitive bacteria did not display smallmolecule accumulation or evidence of protease induction (23) . Based on D. radiodurans protein-free extracts, potent antioxidant complexes consisting of Mn 2 + , Pi, peptides, and nucleosides were reconstituted in the laboratory and shown to specifically protect proteins from oxidation (23) . This reinforced the hypothesis that a major route to oxidative stress resistance in cells which express Mn transport systems is via metabolite regulation, which also appears to be the case in the model yeast S. cerevisiae (66) and model bacterium E. coli (3). Environmental isolates of ROS-resistant organisms that amass Mn and compatible solutes include spores of Bacillus species, which accumulate Mn 2 + and dipicolinic acid (32); cyanobacteria accumulate Mn 2 + and the non-reducing disaccharide trehalose (43, 44) ; and similarly for other Mn-accumulating prokaryotes which accumulate small organic molecules such as mycosporin-like amino acids (62) or mannosyl glycerate (68) .
Deinococcus Mn-Peptide Complexes
The most striking feature of the metabolite profile comparison between D. radiodurans and radiation-sensitive bacteria was the high concentration of peptides (2-22 amino acids in length) in D. radiodurans (23) . The D. radiodurans peptide pool was derived mainly from its own proteins. Other peptides identified in D. radiodurans were yeast derived, presumably from the Yeast Extract growth medium. Based on sequence analyses of peptides derived from D. radiodurans, a consensus decapeptide (H-Asp-Glu-His-Gly-Thr-Ala-ValMet-Leu-Lys-OH) was designed and tested for its ability to form ROS-scavenging Mn-complexes in Pi buffer (23) . When reconstituted in vitro, these constituents interacted synergistically in preventing the inactivation of enzymes during supralethal irradiation. For example, at 50,000 Gy, the Mn 2 + -decapeptide-Pi complex preserved 50% in vitro activity of the dodecameric enzyme glutamine synthetase, which is normally inactivated by just 50 Gy. When the decapeptide was applied at physiologically relevant concentrations (3 mM Mn 2 + , 25 mM Pi, 3 mM decapeptide), the quaternary structures of proteins and their functions were preserved in aqueous solution at doses of c-radiation that obliterated similarly treated DNA (23) (Fig. 7) . Radioprotection assays 8 CULOTTA AND DALY were then extended to whole cells and viruses (29) . The Mn-peptide complexes did not prevent genome damage, rendering the preparations sterile, but the bacteria and viruses exposed to massive doses of c-rays remained morphologically intact down to the scale of individual surface proteins (Fig. 8) ; this approach has now been harnessed in preparing protective vaccines (29) . In contrast, bacteria and viruses exposed to supralethal doses in the absence of the Mn-decapeptide complex were extremely damaged (Fig. 8) .
Among the Mncomplexes tested, Mn-peptide complexes were the most protective (23) . Collectively, these findings validated the idea that Mn-peptide-based protein protection in D. radiodurans is key to its extreme oxidative stress resistance, and that its expanded family of proteases and peptide transports likely provide the core ingredients of the Mn-complexes (23, 30) . Since then, it has been shown that the composition of the decapetide is critical to ROS scavenging, but the sequence is not (R.L. Levine et al., unpublished). For example, the presence of His in the decapeptide is very important to its ability to scavenge ROS in the presence of Mn 2 + , but the position of His in the decapeptide is not.
Conclusion
The list of non-enzymatic methods for protection against oxidative stress is on the rise. Metabolites previously thought to function only in catabolic or anabolic pathways can now find a place in the cells battery for antioxidant defense. By complexing with cellular divalent manganese ions, specific anionic metabolites can enhance and focus the reactivity of the metal toward O 2 C -, and perhaps H 2 O 2 as well (11, 12, 21, 22, 60) . These metal-metabolite complexes are powerful shields for proteins against the ionizing effects of radiation and other origins of oxidative damage. Mn antioxidants are best known for their role in promoting survival of extremophiles such as the radiation-resistant Deinococcus and of organisms that lack SOD enzymes, such as L. plantarum, which is also radiation resistant (25) , and now also in baker's yeast and perhaps in multi-cellular organisms as well (10, 51) . These metalmetabolite complexes are becoming increasingly evident in all branches of life and, in particular, may play an important role in microbial pathogenesis. Thus far, only a handful of metabolites have been identified that function as partners for Mn 2 + in antioxidant defense, including phosphate, carbonate, organic acids, free amino acids, and peptides. In the future, the list is likely to expand and become as diverse as the organisms that use these molecules for promoting survival in the aerobic atmosphere.
FIG. 7.
In vitro radioprotection of the dodecameric metabolic enzyme glutamine synthetase by Mn-antioxidants. Glutamine synthetase (622 kDa) was irradiated in the presence of Mn 2 + and/or the decapeptide (DP: H-Asp-Glu-HisGly-Thr-Ala-Val-Met-Leu-Lys-OH) in potassium phosphate buffer (PiB), pH 7.4. Note that the x-axis is a logarithmic scale. Radiation source: 60 Co c-radiation (23). 
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